To conduct grain refinement induced by plastic deformation, NiTi shape memory alloy is processed by surface mechanical attrition treatment. The process leads to surface nanocrystallization and consequently surface hardening. The cross sectional microhardness of the treated NiTi is measured and compared to those of annealed NiTi specimens with residual stress relaxation and recrystallization. Our results show that surface nanocrystallization induced by surface mechanical attrition treatment is an effective method to enhance the surface hardness and anti-wear properties of NiTi shape memory alloy for the biomedical application.
INTRODUCTION
NiTi SMAs have been widely used as biomaterials in surgical implants and devices such as orthodontic wires, spine correction rods, bone fraction fixation plate and staples, and so on. [1] [2] [3] Materials used in medical implants and devices are often subjected to high stress and high cycle loading 4 and NiTi biomedical implants and devices should possess good wear resistance and surface strength to avoid fatigue failure during long term in vivo applications. A common solution is to deposit a hard coating, e.g., diamond-like carbon (DLC) on the surface. 5 However, the bonding strength between these coatings and NiTi substrate must be strong enough otherwise delamination may occur. Thus, it is expected to enhance the surface hardness locally while keep the bulk properties of the NiTi SMA for biomedical application.
Plastic deformation can cause grain refinement in metals and alloys thereby enhancing their mechanical properties. 6 7 Thus, it is possible to achieve surface hardening by generating a refined grain layer on the surface of the NiTi SMA to significantly improve the wear resistance and surface strength. SMAT is an effective technique to create * Author to whom correspondence should be addressed.
localized plastic deformation and to result in grain refinement progressively down to the nano and sub-micrometer regime in the surface layer of metallic materials. 6 8 9 In SMAT, a large number of metallic balls 1∼10 mm in diameter are resonated ultrasonically. The vibrating balls impact the sample surface from random directions during a short time. Each impact may result in plastic deformation with high strain rates which are estimated to be as high as 10 2−3 s −1 in the top surface layer and decrease to zero in the bulk. These repeated multidirectional impacts give rise to nanocrystalline structures in the surface layer. Therefore, the surface hardness of the NiTi SMA could be enhanced locally without deteriorating the bulk properties.
In this study, NiTi SMAs are processed by SMAT and then annealed at 573 K and 823 K, respectively. The cross sectional hardness of SMAT processed and post-annealed NiTi specimens are compared and investigated.
EXPERIMENTAL DETAILS
Annealed Ti-50.8 at.% Ni alloy plates with a thickness of 1.5 mm were used in this study. The initiate phase in the NiTi plates was B2 with A s = 234 5 K and A f = 257 K. The plates were polished with silicon carbide paper before SMAT. The detailed SMAT setup and procedures can be
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Surface Hardening of NiTi Shape Memory Alloy Induced by the NanoStructured Layer After SMAT found in Refs. [8] and [10] . The NiTi specimens were treated at room temperature for 60 minutes. X-ray diffraction patterns were acquired from the surface of the SMAT NiTi specimen on a Philips X'perts diffractometer operated at 40 kV and 30 mA. The cross section of the NiTi specimens were mechanically polished using silicon carbide sandpaper to grade 4000 and characterized by optical microscopy (OM). A plane-view transmission electron microscope (TEM) observation was carried out on Philips CM20 TEM operated at 200 kV. The top surface plane-view TEM foil was prepared by polishing the sample from the non-impacted side to ∼40 m in thick. It was then twin-jet polished with 15% HNO 3 + 85% CH 3 OH at 251 K. To study the grain refinement effect on surface hardness, the SMAT NiTi specimens were annealed at 573 K or 823 K for 1 hour. The hardness at different regions from the impacted surface to the substrate was determined utilizing a nanoindenter (Nano Instruments XP, MTS) with the continuous stiffness measurement capability. The indentation experiment was performed using a Berkovich (three-sided pyramid) indentor. Figure 1 shows the cross sectional microstructure of the NiTi specimens before and after SMAT. Figure 1(a) shows that the raw materials have an average grain size of ∼40 m When the NiTi specimen is treated for 60 min, a plastic deformed surface layer was formed. In this top surface layer, large grains disappear and microstructure identification becomes very difficult under OM, as shown in Figure 1 (b). The thickness of the plastic deformed surface layer is estimated to be about 200 m. Figure 2 (a) depicts the XRD patterns of the NiTi specimens after SMAT processing as well as the untreated specimen. XRD result shows that a single B2 phase is obtained after annealing. No B19' phase and other precipitate phase are found. When the specimen was processed by SMAT for 60 min, the intensities of Bragg reflection peak B2 (110) and B2 (211) decrease while the peaks broadening significantly suggesting that large amounts of defects are introduced into the surface layer of the specimen. Figure 3 shows the microstructures in the surface layer of NiTi specimen after SMAT. In Figure 3 (a) the microstructure characterized by nanocrystalline bands is indicated by dashed lines and the thickness of these nanocrystalline bands ranges from 70 to 100 nm. The selected area electron diffraction (SAED) pattern indicates that the nanoscale bands have the martensite phase at the depth of about 30 m from the impact surface. The boundaries of the nanocrystalline bands as indicated by open triangles are composed of dense dislocation walls (DDW), which are believed to result from dislocation accumulation and rearrangement to minimize the total energy state. 6 The DDWs divide the original grains into nanocrystalline bands. Such grain refinement mechanism has also been confirmed in metals with high stacking-fault energy, such as Fe and stainless steel. 12 13 Figure 3(b) shows that the grains have been refined to equiaxed nanocrystallines with random orientations. The size of these nanocrystallines is approximate 20 nm. It is speculated that the grain refinement occurs via dislocation activities in the surface of the NiTi specimen during SMAT. The white arrows show the high dislocations density regimes in which the dislocations are tangled in a complex way. Figure 4 shows the hardness depth profile of the SMAT NiTi specimen with and without post-annealing determined by nanoindentation test. In the top surface layer of the SMAT NiTi specimen, the hardness value is as high as 6 GPa. This is more than twice that of the coarse-grain counterpart. The SMAT NiTi specimen is subsequently annealed at 573 K for 1 h to relax the residual stress. However, the hardness value drops slightly in the top surface layer while no change in the hardness profile can be observed in the matrix. This indicates that the hardness enhancement does not totally stem from the residual stress induced by SMAT. After annealing at 823 K for 1 h, the surface nanostructured layer undergo recrystallization and then the fine grains transform into coarse grains. This recrystallization temperature is determined by the empirical equation T r = 0 4T m + 273 K, where T r refers to the recrystallization temperature and T m is the melting point of the material. 14 The T m for equiatomic or near equiatomic NiTi alloy is around 1583K. Therefore, the recrystallization temperature T r is 797 K. In the present work, the annealing temperature for recrystallization is determined to be 823 K. In Figure 4 , the surface hardness of the NiTi specimen with recrystallized coarse grains (indicated by open triangle) drops to around 3 GPa and then diminishes gradually towards the matrix stabilizing at about 2.7 GPa.
RESULTS AND DISCUSSION
The obvious changes in the cross sectional hardness of the SMAT and subsequently annealed NiTi specimens imply that the hardness enhancement mainly arises from grain refinement rather than the work hardening effect. The improvement in strength and hardness of the metals with refined grains can be interpreted by grain-boundary strengthening. The grain refinement occurred in SMAT process results in the formation of great deal of nanocrystalline bands with large amount of grain boundaries, which act as pinning points impeding further dislocation propagation. Since the lattice structure of adjacent grains differs in orientation, it requires more energy for a dislocation to change directions and move into the adjacent grain. The grain boundary is also much more disordered than inside the grain, which also prevents the dislocations from moving in a continuous slip plane. Impeding this dislocation movement will hinder the onset of plasticity and hence increase the yield strength of the material. Decreasing the grain size creates more grain boundaries, which would further impede dislocation movement and enhance the yield strength as demonstrated by the Hall-Petch equation. 15 Hardness is a measure of the local resistance of a material to plastic deformation under an indenting load. Thus, the decreasing in grain size would also increase the hardness of the material.
The evidences obtained so far indicate that the nanostructured surface layer formed by SMAT on NiTi SMA improve the surface hardness. Compared to other biological hard coatings such as DLC and TiN, this locally hardened surface layer posssesses considerably good bonding strength with the NiTi substrate. Morover, since the deformed layer is only about 200 m thick, NiTi SMA processed by SMAT does not deteriorate the bulk properties of material, e.g., chemical composition, shape memory effect and superelasticity. The surface hardness improvement of NiTi SMA caused by SMAT provides an approach to enhance the surface wear resistance in biomedical engineering.
CONCLUSION
Surface mechanical attrition treatment (SMAT) refines the coarse grains into nanocrystalline bands in NiTi SMA. The surface hardness along the cross section of the SMAT NiTi specimen is studied by nanoindentation. The surface hardness is improved by grain refinement in lieu of the work hardening effect. The experimental results can be interpreted by the Hall-Petch effect and SMAT is demonstrated to improve the surface hardness of biomedical NiTi alloys.
